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Abstract 

Bell [Helv. Phys.Act. 48 1975] described an idealized test of the projection 
postulate in order to illustrate the ambiguities in the experimental predictions 
of quantum theory. An approach to the implementation of such tests is outlined 
here, based on the interesting logical relationship between the projection postu¬ 
late and the no-superluminal-signaling principle. Gisin’s theorem [Helv. Phys. 
Act. 62 1989] shows that the no-signaling principle implies that any descrip¬ 
tion of projection at the elementary level must be nondeterministic. The lack of 
determinism means that information cannot be instantiated in a reproducible 
and transmittable form in isolated microsystems. The implied limitation on 
information allows one to interpret the no-signaling principle in purely physical 
terms as a prohibition of superluminal information transmission. This prohibi¬ 
tion, in turn, imposes tight constraints on the connection between projection 
and elementary processes, leading to a specific hypothesis about how projec¬ 
tion effects originate. The hypothesis serves as the basis for the experimental 
proposal. 


1 Introduction 

The projection postulate is the essential link connecting quantum theory to exper¬ 
iment, but it is often regarded as more of an embarrassment than a key physical 
principle. For example, few people who are active in quantum foundations and quan¬ 
tum information believe that projection is a real physical effect. Two recent surveys of 
foundational attitudes among researchers found that only 9 per cent and 16 per cent 
of those questioned believe in objective collapse [U 2], The corresponding fractions 
for belief in physical action-at-a-distance, which is implied by objective collapse, were 
12 per cent and 18 per cent. This general view stems from the fact that projection 
is both nonlocal and nondeterministic, and these properties make it very difficult to 
see how projection effects could be embedded in a relativistic spacetime structure. 

Despite this skepticism, questions about the status of the projection postulate 
and the reality of the wave function must be addressed by any attempt to understand 
the fundamental nature of quantum theory. Does the wave function represent a 
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genuine physical entity, and can it be truncated by the interactions that constitute 
measurements? Discussions about foundational issues often ignore the fact that the 
question of whether such changes occur is, at least in principle, subject to experiment. 

The clear inconsistency between the experimental predictions of projection versus 
linear evolution was emphasized by Bcll[2j. To evaluate the relationship between 
wave function collapse and decoherence in the Coleman-Hepp model[Jj he constructed 
observables to demonstrate the persistence of superposition effects to any level of 
complexity: 

“So long as nothing, in principle, forbids the consideration of such ar¬ 
bitrarily complicated observables, it is not permitted to speak of wave 
packet reduction. While for any given observable one can find a time for 
which the unwanted interference is as small as you like, for any given time 
one can find an observable for which it is as big as you do not like.” 

Aside from any questions of the practicality of testing the projection postulate, 
the fact that it is testable in principle has important implications for debates about 
quantum foundations. First, it immediately undercuts the claim that it makes no 
difference where one draws the line between the measured system and the measuring 
apparatus. This claim is central to the Copenhagen interpretation[5J El 13- Second, it 
shows that various interpretations can be falsified depending on whether or not they 
predict (or permit) wave function collapse. No-collapse interpretations such as that of 
Everett [8], decoherence accountspj, or pilot wave theoriespQ31l.il, EEZj would be falsified 
by clear evidence of the breakdown of superposition, and collapse proposals such as 
that of Ghirardi, Rimini, and Weber (GRW)|T3j and related hypotheses [IT., FT fIBl ITTJ 
would be undermined if perfect superposition could be shown to persist to arbitrarily 
large scales of interaction. 

In a number of his later works Bell reiterated his belief that this inconsistency 
in the experimental predictions of the theory is the central problem in quantum 
foundations [TS]: 

“The ’Problem’ then is this: how exactly is the world to be divided... How 
many electrons, or atoms, or molecules, make an ’apparatus’ ?” 

The hypothesis that projection is a real physical effect forces one to confront Bell’s 
question. This is what makes reconsideration of the postulate worthwhile, even if one 
is strongly inclined to regard it as a temporary patchwork designed to cover our lack 
of understanding. 

The case for taking the projection postulate more seriously is made as follows. In 
Section 2 Bell’s gedanken experiment is presented in a slightly modified form, and 
its implications are briefly discussed. Section 3 deals with the problem of reconciling 
the projection postulate with the relativistic structure of spacetime. I argue there 
that the perceived difficulty stems from the failure to see that the relativistic descrip¬ 
tion is just as much an ’’operational” account based on macroscopic observations as 
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the description of elementary systems in terms of wave functions. Since the incor¬ 
poration of quantum theory into the relativistic framework depends critically on the 
no-superluminal-signaling constraint (formalized as the requirement of ’local commu¬ 
tativity’), several key aspects of this principle are studied in Section 4. Gisin’s use of 
the principle to derive several specific conclusions about what happens at the elemen¬ 
tary level [19], EQJ is contrasted with Maudlin’s demonstration [2Tj that the principle 
cannot be regarded as a prohibition of superluminal information transmission if the 
concept of ’information’ is treated abstractly and applied to arbitrarily small sys¬ 
tems. Maudlin’s result appears to rule out a clear interpretation of the no-signaling 
principle in fundamental physical terms, and thus calls into question the applicability 
of the principle to elementary processes. The assumption that projection is a real 
physical effect is invoked at this point. Using Gisin’s result that this implies some 
lack of determinism in fundamental processes, it is argued that ’information’ cannot 
be instantiated in a reproducible and transmittable form in isolated elementary sys¬ 
tems, and that it is only fully realizable at a level of complexity at which projection 
is complete. This idea is then exploited to suggest how projection arises from the 
fundamental nondeterministic processes. Section 5 further develops the idea that the 
limitations on the concept of information apply as much to the definition of reference 
frames as to the application of the quantum formalism. The additional spacetime 
structure that is necessary to accommodate the nonlocal and nondeterministic effects 
that give rise to projection lies below the threshold at which information and refer¬ 
ence frames can be fully defined. Section 6 uses some of the inferences about how 
projection arises to show how Bell’s gedanken experiment can be brought closer to 
reality. Section 7 concludes the discussion. 

2 Bell’s Gedanken Experiment 

Projection implies the elimination of superposition after a finite number of interac¬ 
tions. Bell showed that this results in differences in some predicted measurement 
correlations depending on when the projection is assumed to occur. Measurements 
consist of entangling interactions. The key to testing for superposition effects after 
entangling interactions occur is to observe the system in a basis that is different from 
the basis in which the initial interactions take place. For example, one designs an ex¬ 
periment to correlate the x-components of spin of an elementary particle to the states 
of a target system, and then tests for correlations between the subject particle and 
the detector system in the y or z-spin basis. This is essentially what Bell proposed in 
[3j. It is the central idea in the quantum eraser experiments proposed by Scully and 
his colleagues[1 22 ;, ;23l 1241125 , 26], and it is the basic ’’trick” in quantum computing!??]. 
The illustration presented here is a somewhat modified version of Bell’s example]]]. 

Consider a spin-1/2 particle in a z-up state. If the x-up and x-down components 

Essentially the same example was presented earlier in [28^. 
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are somehow separated and then recombined the z-np state can be recovered if the 
phases are properly controlled: 


2 t> =*• (l/V2)(|xt} + |a4))=s- |zf>. 


( 2 . 1 ) 


Suppose now that we add a ’’detector” particle in an x-down state and design an 
interaction so that a subject particle in an x-up state flips the state of the detector 
from down to up, while a subject particle in an x-down state leaves the detector 
unchanged. The evolution of the system can be represented schematically as follows: 


kot) ® kil) => (l/\^)(|x 0 t) + kol) ) ® kil) 

=> (VV1)(|*ot)l*it) + l*o^)|xil))= (l/\/2)(|^ot)|-it) + k(4)kii»- 

( 2 . 2 ) 

The \zq T) state can no longer be detected in 100 per cent of the cases, but super¬ 
position effects are still exhibited through the perfect correlations between koT) and 
kit)) and between kot) and kit)- 

This general schema can be applied to quantum eraser experiments. The two 
different representations of the final state, (1/ \/2) ( |cr 0 T)l^i T) + ko t)ki I)); and 
(l/-\/2)(kot)ki t) + kot)kit))> correspond to complementary observables. The x- 
representation can be thought of as containing the ”which-path” information, while 
the z-representation can be regarded as exhibiting ’’interference” effects. 

The important point here is that we believe that the ” interference” terms can still 
be seen because the elementary interaction between |xo t) and the |xi) ’’detector” 
system did not result in a (complete) projection to either (kot) kit) or kot) kit)- 

To see this explicitly, one can expand the two x-branches separately in terms of 
the z-spin basis. 


(l/x/2)|x 0 t)M> 


and 


(1/\/2) 3 (kot) + kot)) <£> (kit) + \ z i 'l')) 

(1/\/2) 3 (kot)kit) + kot) kit) + kot)kit) + kot) kit)) 

(2.3) 


(l/V^kot)kit) = (l/v / 2) 3 (|^ot) - kot)) ® (kit) - kit)) 

= (i/\/2) 3 (ko t)ki t) + kot)kit) — l^o T) l^i 4') — kot)kit)) 

(2.4) 

The correlations in 12.21 result from the cancellation of the up-down cross terms, 
(kot) kit) and kot) kit))? that occurs when [2731 and 12.41 are added. If we were to 
regard the interaction between kot) and the ki) system as a ’’measurement”, we 
would expect projection to one of the two x-branches with the other branch being 
eliminated. There would be no cancellation of cross terms and no ’’interference”, i.e., 
the z-spin correlations would completely disappear. 

What Bell showed is that the differences in the experimental predictions of con¬ 
tinued superposition as opposed to projection are not removed by adding any finite 
number of interactions. 
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Suppose that the single detector particle, |xi), is replaced by N detectors, \xdi), 
\xd 2 ), ■■■, |a;rfiv)- The subject particle is still labeled, |xo), and the interactions are 
again designed so that an x-up subject state flips the detector particles from down to 
up, and an x-down state leaves them unchanged. The initial preparation state: 

(l/v^XM) + |z(4)) ® (kdiDI^D-l^jvl)) 

evolves to: 

(1A/2)(M> ® (kdit)kd2t)---kdivt)) + <8> (IxdiDI^D-.l^ivI)). 

Now expand the x-up and x-down branches in the z-spin basis: 

(l/\/2) 1^0 I') \xdl T )-"\XdN T) /n r\ 

= (1/ v / 2) iV+2 [ (kot) + \zoi))®(M) + kdiD)-(kdivt) + kdiv;))] 1 J 

and 

(l/V?)\xo\)(\xdi\).. 

= (i/V2) N+2 [{M) - kol))®(kdit) - kd4))-(kdivt) - I z dN i)}. 1 - DJ 

If 12.51 and 12.61 are expressed as sums of products of the form |^o)|^di)|^d 2 )---|^dw), 
the terms in the two equations would be identical, but in 12.61 half of them would have 
plus signs and half would have minus signs. This makes it convenient to rewrite the 
two expressions as: 

(l/\/2) 3 [ \zo\)\ z dlEVEN) + \zo\)\Zd\rODD) + |*0 T) \ z d\-ODD) + |^0 4-) \ z d\rEVEN )\, 

(l/v^ll Zo"[)\ZdiEVEN) + \zo\)\ZdioDD) ~ \zq t) | Zd IoDd) ~ \zq i)\ZdiEV En)]i 
where the following definitions have been used: 

\ZdiEVEN) = (l/v^)^" 1 Ee V en\z d £> dlil^)), 

\ZdioDD) = (1/ V2) N -' Zodd^) dli \ z di)), 
where % ranges from 1 to N. In other words \zdI even) is the normalized sum of all 
product detector states with an even number of | Zdi\) occurrences, and \zdiono) is 
the corresponding sum with an odd number of j,) occurrences. 

If no projection effects have occurred after the N correlating interactions in the 
x-spin basis, then the two branches represented by 12.51 and 12.61 can be superposed. 
This results in cancellation of the |z 0 t )\ z d \-odd) terms and the |z 0 \)\zd Ieven) 
terms. So the signature of continued superposition is now exhibited as a perfect 
correlation between up results of z-spin measurements on the subject particle, and 
an even number of down results from z-spin measurements on the detector particles, 
and a corresponding correlation between down results of z-spin measurements on the 
subject particle, and an odd number of down results from z-spin measurements on 
the detector particles. 

So wave function collapse is observable in principle. An experiment showing a 
statistically significant number of coincidences of z-up results on a subject particle 
and a \zdioDrj) state would be strong evidence of the breakdown of superposition. 

Obviously, as the number of interactions, N, increases it becomes more difficult 
to track the z-spin states of all of the detector particles. These are the typical ef¬ 
fects of decoherence. The challenge in detecting the correlations is similar to that of 
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constructing a quantum computer. One must carefully design the interactions that 
generate the entangled states, and then accurately track the evolution of all of the 
particles involved. 

The technical challenges of such an experiment would be very formidable, but one 
of the biggest reasons that almost nobody considers actually doing this sort of test 
is that the nonlocal and non deter mini stic nature of projection makes it difficult to 
reconcile with the standard relativistic picture of spacetime. This issue is addressed 
in the next three sections which reexamine the relationship between relativity and 
projection. 

3 Relativity and Nonlocal Effects 

Among those who try to resolve the apparent conflicts between quantum theory and 
relativity, the dominant tendency has been to place the full burden of reconciliation 
on quantum theory. For example, the surveys cited in the opening paragraph included 
another question which concerned preferred interpretations of the quantum state. The 
first three options were: (a) epistemic/informational, (b) ontic, (c) a mix of epistemic 
and ontic. This is obviously an issue worth exploring, but the point is that this 
kind of question is very rarely raised about the status of the relativistic structure of 
space tirrnjE 

In one respect this is rather surprising. In his original (1905) paper on relativity[29| 
Einstein emphasized the need to define reference frames in terms of physical relation¬ 
ships among things like rigid rods and clocks. Consider the following excerpts: 

”... since the assertions of any such theory have to do with the relation¬ 
ships between rigid bodies (systems of co-ordinates), clocks, and electro¬ 
magnetic processes.” 

”Now we must bear carefully in mind that a mathematical description of 
this kind has no physical meaning unless we are quite clear as to what we 
understand by time.” 

Einstein’s reason for emphasizing the dependence of such definitions on references 
to physical objects and processes was his recognition that the laws of physics seriously 
constrain the ways in which such dehnitions can be formulated. The constraints that 
Einstein had in mind stemmed from the fact that the speed of light is a constant, 
independent of reference frame. But there are other laws of nature, unknown to 
physicists at the time, that are equally important in guaranteeing the consistency 
of the relativistic description of physical processes with experimental results. These 
include various implications of quantum theory such as the Born probability rule|30j 
and the no-cloning theorem }3lj. 

2 Except in pilot wave theory. 
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Somewhat later (1921) Einstein anticipated the possibility that macroscopically 
based metric definitions might not apply on the microphysical level[32J. 

' It is true that this proposed physical interpretation of geometry breaks 
down when applied ...to spaces of submolecnlar ...magnitude. ... It might 
...turn out that this extrapolation has no better warrant than the extrap¬ 
olation of the concept of temperature to parts of a body of molecular... 
magnitude.” 


We should not be misled by the fact that, when quantum theory was more fully 
developed, physicists were able to describe the interactions of elementary particles 
within a relativistic framework. This framework is not a straightforward extension of 
the classical relativistic spacetime description. It was only made possible by placing 
a still unexplained discontinuity between macroscopic and microphysical domains, 
and by introducing a decidedly nonclassical and nonintuitive account of the particles 
and processes that are used to infer the properties of the spacetime structure. The 
ontological status of that spacetime structure is at least as open to question as the 
status of those particles and processes. 

The analysis of Bell |33( [3lj and its empirical confirmation by Aspect [351136] clearly 
show that there are real nonlocal effects. The difficulties in accounting for these effects 
in a way that conforms to all of our intuitions about relativity should lead us to 
question our assumptions about the fundamental nature of the relativistic framework 
- not to deny the clear evidence of experiment. 

The argument of the previous section shows that there are ambiguities (or incon¬ 
sistencies) in the experimental predictions of quantum theory depending on where one 
places the cut between the macro and micro domains. These discrepancies are not 
mere pedantic quibbles, even if they are very difficult to detect. To deal with these 
discrepancies we must take seriously the possibility that there is a different and deeper 
spacetime structure underlying the relativistic description of observed phenomenal! 

We cannot properly assess the role of the relativistic description of spacetime 
within contemporary theory until we more fully understand the connection between 
elementary processes and measurement outcomes. To see this, consider how quantum 
theory maintains consistency with that description. Relativity implies that there can 
be no differences in any observable effects when the sequencing of spacelike-separated 
events is interchanged. So, if spacelike-separated measurements are made on an entan¬ 
gled system, their temporal ordering must not affect the outcome probabilities. For 
arbitrary measurement results, a and b, the probability of b, given a, must be equal 
to the probability of a, given b: P(b\a) = P(a\b). This symmetry in the measurement 
probabilities is maintained within the vector space representation of quantum states 
by requiring the relative probability to be a simple function of the projection (in the 
ordinary vector space sense) of the unit vector, a onto 6, which is, of course, equal to 


3 This is one of the central themes of pilot wave theories (IT, :37, [38]. 
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the projection of b onto a@ Note that the same projection relationship is responsible 
for the quantum correlations in Bell-EPR states[33. .34J [39j that exceed any that can 
be explained in terms of locally propagating influences. In other words, the consis¬ 
tency of the relativistic description with observations is preserved by the same vector 
space relationship and measurement postulate that explain the distinctive nonlocal 
correlations that appear to be so difficult to reconcile with relativity. Until we can 
explain how the measurement postulates are related to fundamental processes, we do 
not know what relativity is really telling us about the underlying spacetime structure. 

To investigate how measurement outcomes are connected to elementary processes 
we must design experiments to determine what happens at the quantum/classical 
boundary. To understand how projection fits into the overall theoretical framework 
we need to examine more carefully the logical structure of contemporary theory. The 
key to insuring that quantum theory respects relativistic symmetries is the postu¬ 
late of ’local commutativity’, the assumption that spacelikc-separated held opera¬ 
tors commute. In quantum held theory texts, this postulate is often described as 
a ’causality’ requirement. This has often led to the unfortunate confusion of local 
commutativity with the concept of local causality, the principle that all physical 
processes propagate with a speed less than or equal to that of light. In fact, local 
commutativity is a much less restrictive requirement than local causality. As noted 
by BellpfCj] and others [21, 0Tj local commutativity is essentially equivalent to what 
is called ’no-superluminal-signaling’ among researchers in quantum foundations and 
quantum information. In the next section, I shall argue that the no-signaling principle 
provides a valuable clue as to how nonlocal quantum effects arise from fundamental 
processes. 


4 No-Signaling, Projection, and Elementary In¬ 
teractions 

The no-signaling principle is generally regarded as essential to the relativistic descrip¬ 
tion of spacetime, and it can also be used to derive many of the key properties of quan¬ 
tum theory. For example, it implies Gleason’s assumption of noncontextualitv|42]. 
thus yielding the Born probability rule. Gisin used it to show that any determinis¬ 
tic quantum evolution must be linear, and that any description of projection at the 
elementary level must be nondeterministic|l91 [20] . Other important consequences 
have been demonstrated by a number of authors.[101 14411401145 . 471 HR ]. The general 
reasons that the principle proves so useful have been studied by Svetlichnv [49] 50] . 
He points out that nonlocal effects lead to violations of no-signaling unless they are 
very tightly constrained. 


4 The specific dependence on the square of the projection length follows from some elementary 
considerations involving probability and analyticity. This is a consequence of Gleason’s theorem. [42] 



The goal here is to use the principle to draw specific inferences about how projec¬ 
tion can be explained in terms of elementary processes. The basic idea is illustrated 
in the following heuristic argument. 

Suppose that the wave function of a particle has bifurcated into two principal com¬ 
ponents, and that a measurement apparatus has been set up to determine whether it 
is in one of the branches. A negative outcome indicates that the wave function has 
collapsed, and that the particle is localized in the other branch. This measurement 
clearly reveals information about the state of the (spacelike-separated) particle. If this 
collapse were not induced by the physical processes that constitute the measurement, 
then the measurement would be revealing information about a random event that 
occurred at spacelike separation. The prohibition of superluminal information trans¬ 
mission would be violated. Therefore projection must be induced by some physical 
processes that are essential to measurement. At the most basic level, measurements 
establish correlations among the states of elementary particles. So, the elementary 
interactions that generate the correlations are the source of projection effects. 

This heuristic argument is obviously based on an understanding of the no-signaling 
principle as a complete prohibition of any superluminal information transmission. 
This is somewhat more general than the way in which the no-signaling principle is 
often understood. The more limited interpretation of the principle carries an implicit 
reference to communication between intelligent observers. It was this more limited 
formulation that was disparaged by Bell [TO]. He argued that the concept of ’signaling’ 
was both vague and subjective since discussions of it typically make reference to 
humans, or at least to our high-level artefacts. Because of this, he believed that it 
was very unlikely to serve as a bridge between macroscopic experimental results and 
elementary interactions. 

In support of the more general understanding of the principle proposed here, 
one can cite two points. First, as stated at the close of the previous section, the no¬ 
signaling principle is viewed as an acceptable ’translation’ of local commutativity into 
ordinary language. Since local commutativity is an essential feature of relativistic 



formulations of quantum 


understood in terms of objective 


physical properties, independent of any reference to intelligent observers. Second, 
as mentioned above, the principle has already been employed by GisinfTUj to infer a 
specific constraint on the connection between projection and elementary processes, 
viz., that it must be nondeterministic. 

Before we can apply this more general understanding of no-signaling, we need to 
show that the concept of information as a property of physical systems has a clear 
meaning that is consistent with this interpretation of the principle. This requires some 
care since Maudlin[21] has shown that if isolated elementary particles are regarded as 
instantiating information, then that information is transmitted superluminally. So, if 
the no-signaling principle is to place meaningful constraints on fundamental processes, 

5 One can regard it either as an assumption, or as a consequence of Lorentz invariance, but in 
either case it is a necessary property of the theory. 
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we need to develop an alternate notion of information, one that excludes the type of 
situation examined by Maudlin, but still has a clear physical interpretation. 

The key to developing such a notion is the recognition that, if projection is a 
real physical effect, then some fundamental processes are not deterministic, and this 
implies that, in general, the state of an isolated elementary particle cannot be faith¬ 
fully transferred through a chain of correlating interactions with other particles (as 
shown in the no-cloning theorem |31j). The physical processes that result in projection 
modify quantum states in ways that are not completely traceable, and thus make it 
impossible, in principle, to extract specific information about the original state of the 
particle. 

The concept of information ordinarily includes the notions of reproducibility and 
transmittability. So let us consider how information that possesses these properties is 
generated when elementary processes are not completely deterministic. In particular, 
we are concerned with information about quantum states. 

Consider a large collection of independent particles in identical, but unknown spin 
states. One can acquire the information about which state the particles are in by mea¬ 
suring the spin along axes at a variety of angles that cover a sphere. The distribution 
of outcomes will indicate the original state with a precision dependent on the num¬ 
ber of measurements made. This statistical inference is only legitimate because the 
measurement outcomes are independent. So a measurement on one particle must not 
affect the state of any other particles. In other words, it is essential that the original 
combined state of the collection of particles is factorizablc. 

Let us compare the situation just described to what happens in a measurement 
on a single particle in an unknown spin state, using an idealized arrangement similar 
to that of section 2. The experimenter chooses an axis, which can be labeled ’x’, 
along which to measure. The |x 0 t) and |xo |) states are separated, and the x-up 
branch undergoes an interaction with a set of detector particles. If no projection has 
occurred after N correlating interactions the state can be represented as: 

(a)(|x 0 t) <S> (| ^di T)1 3Cd2 T)■ ■ ■ | -EdN T)) + (/3)(|xc4)) ® (|x d i|)|x d2 |)---|^dAr|)), 
where a and /3 are unknown. Even if N is quite large, as long as the system remains 
in a superposition of |x 0 t) and | rco I) states, there is no way to take a statistical 
sample of the states of the detector particles since they are entangled. Any complete 
x-state measurement on one of them would collapse the entire system to either the 
|xoT) or l^ol) branch. Information about the relative magnitudes of a and f3 would 
be lost. It is only at the stage when projection occurs that the system is transformed 
back into a factorizable state, and reproducible, transmittable information about the 
new state becomes available a 

So, based on the assumption that projection is a real effect, we have a solid physical 

6 One could view the generation of a large number of independent correlated particle states by 
the transformation from an entangled state to a factorizable state as the ’’irreversible act of ampli¬ 
fication” discussed by Bohr [51], but it is important to emphasize that it is information that is being 
created through projection - not ’physical reality’. 
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characterization of the conditions for a system to instantiate information about the 
quantum state of a particle. Given the nondeterministic character of projection, such 
information exists when the state of the subject particle is represented, independently , 
in the states of a sufficient number of other physical systems. The use of the term 
’sufficient number’ should not be seen as introducing another form of vagueness into 
the discussion. The concept of information described here is analogous to the concept 
of temperature in statistical mechanics. Both of these concepts can be applied to 
mesoscopic or macroscopic systems. The fact that the requisite size of these systems 
is usually not precisely specified does not affect the objectivity of these notions. 

To emphasize the objectivity of this concept, note that it is possible to develop a 
well-defined statistical measure of when it happens (even though one cannot determine 
in individual cases precisely at what stage projection occurs). Let us refer again to 
the illustration from section 2. 

After N interactions in the x-spin basis the |x 0 T) and |^oi) branches are repre¬ 
sented in the z-spin basis as: 

(1/\/2) 3 [ | Zot)\ z diEVEN) + \ z o\)\ZdioDD) + | Zq \) \ Zd ioDD) + |^ol) \Zd\rEVEN)), and 
(l/\/2) 3 [ \Zo\)\Zd\rEVEN) + \zoi)\ZdioDD) ~ |~0 t) \ z dioDD) ~ |~0 I) \ z d IeVEn)] ■ 

If perfect superposition persists to this point then the overall state is: 

(l/\/2)( \zq t)|^d Ieven) + \zo i)\zd Iodd))- So an unambiguous observation of a 
|^ot) state correlated with a | ZdioDD) state would indicate that projection to either 
the |xot) or \ x o I) branch had occurred prior to the z-state measurement. 

To determine the typical scale at which projection occurs (i.e., the scale at which 
’information’ becomes definable) one would run this type of experiment a large num¬ 
ber of times, M, and define a measure of superposition, analogous to a correlation co¬ 
efficient, r, as follows. Let g* = +1 for observations that are consistent with continued 
superposition, \z 0 ^)\zd Ieven) and and let = —1 for observations 

that indicate collapse, |~oT)|a4odd) and | z 0 | z d Ieven) ■ Define r = (1/M) JT g ?: 0 
Then the quantity, 1 — r, indicates the fraction of cases in which projection has oc¬ 
curred for any given number of correlating interactions, N. This particular measure 
applies to this rather simple, idealized arrangement, but analogous measures could 
be defined for any system of interacting particles that is sufficiently well specified. 

It is important to emphasize that although the example described above involves 
a very idealized and highly organized system, the intervention of intelligent observers 
is not essential to the applicability of the concept. Information, in the sense intended 
here, can be instantiated in naturally occurring systems. Perhaps, the most com¬ 
mon example is the generation of information about the position of a particle. If 
the wave function of a particle separates into different branches or simply diffuses 
over a large enough region, it will eventually interact with systems of particles large 
enough to relocalize it (either within the region of interaction or outside it). Other 
natural ’’information processing devices” might include biological systems. The re- 

7 Note that the outcomes that are consistent with superposition would also occur in one half of 
the cases in which collapse has occurred. 
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cent demonstration that superposition plays a key role in the efficient capture and 
distribution of energy in algae{52]. together with the fact that organisms are capable 
of reproducing various types of information, suggests that basic metabolic processes 
are capable of completely reducing the wave function. 

As a simple illustration of the fact that the sort of physical information that has 
been outlined here cannot be transmitted by nonlocal quantum effects consider a pair 
of elementary particles in a singlet state. If the particles are labeled a and b, the 
state can be represented as: (l/\/2)(|x a t)|^b I) — |^a 1)1^6 T))- After the particles 
are separated, an x-spin measurement on a projects it into an \x j") or \x J,) state, 
and b into the complementary state. Information about the state of a is generated 
in the system of particles that interact with a. That information is reproducible and 
transmittable to other systems. The system of particles contains only contingent 
information about the state of b, since the information resulting from the set of 
interactions undergone by a cannot rule out the possibility that b has interacted in 
some alternate basis. If b does not interact in some organized fashion, then there is 
no reproducible, transmittable information in b, or in its immediate vicinity, since the 
state that would result from any such interactions is uncertain (until the information 
from the a system is transmitted to the region of b). 

So, given the assumption that projection is a real physical effect, information of 
the relevant sort is generated by projection, which transforms entangled states into 
factorizablc ones, creating multiple representations of the state of the ’’measured” 
system. This notion of information enables us to interpret the no-signaling princi¬ 
ple (i.e., the prohibition of superluminal information transmission) as an objective, 
physical principle, without any essential reference to intelligent observers. Further¬ 
more, it reinforces the conclusion of the heuristic argument presented above - that 
projection effects are induced by the elementary correlating interactions of the sort 
that constitute measurements. 

This hypothesis can be refined and extended. Note first that simple verification 
measurements, in which the measured system is already in an eigenstate of the mea¬ 
sured observable, do not result in projection. The problematic cases are those in 
which measurement interactions nonlocally entangle the states of the subject and 
detector systems. So let us hypothesize that nonlocal, nondeterministic projection 
effects are induced by elementary interactions that create entanglement relations be¬ 
tween particles that are spacelike-separated. 

The nature of these effects can be discerned by considering what happens in 
measurements at the elementary level. The particles making up the detector either 
interact or fail to interact with the subject particle^, indicating the subject particle’s 
presence or absence. The wave function of the particle changes, reflecting the transfer 
of amplitude either into or out of the interacting branch. This suggests that 


8 The interactions can be indirect through a chain of mediating particles. 
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elementary interactions that generate entanglement also involve a transfer of ampli¬ 
tude either into or out of the interacting component of the wave function @ 

The binary decomposition of the wave function into interacting and noninteracting 
branches enables us to view the projection of the state vector as similar to a random 
walk. The idealized situation described in Section 2 provides a simple illustration of 
the idea. In that example, after N correlating interactions the state was represented 
as: 

(a)(|x 0 t) ® (|xdit)|®d2t)-|®divt)) + (/3)(kc4)) <8> (|^i|)|^2|)---|xdiv|))- 
The coefficients of the two branches given in Section 2, (1/x/2), have been replaced 
here by a and f3 because they are now being considered as dynamic entities which 
change in response to the interactions (assumed to be taking place in the \xi j") 
branch). So, for example, if |xdjvT) interacts with the |xdjv+i) particle, then a and /3 
will change to a' and f}'. 

Such amplitude transfers must reproduce the Born rule exactly at the macroscopic 
level, in order to prevent superluminal signaling and preserve relativity. The most 
straightforward way to do this is to assume that each elementary interaction carries 
an equal chance to increase or decrease the amplitude of the interacting component of 
the wave function. Since the probability of an outcome is the absolute square of the 
amplitude, the amount of the change must be scaled so that the potential increase in 
squared amplitude equals the potential decrease. In terms of the coefficients above, 
this implies that a'a'* = aa* ± 5, and /T/T* = f3/3* =F <5, where 5 is some small 
increment that cannot exceed either aa* or f3/3*. 

This type of random walk process was outlined in an earlier work[28j. The fact 
that the Schrodinger equation is linear with respect to the amplitudes implies that the 
nonlocal transfers do not result in violations of the no-signaling principle at the ob¬ 
servable level. To reconcile these nonlocal and nondeterministic amplitude transfers 
with the usual relativistic description of spacetime, it is necessary to deal with some 
issues that arise when a single entangled system undergoes spacelike-separated inter¬ 
actions. These issues are exemplified by EPR-Bell type experiments. In the idealized 
example described above the sequence of steps in the random walk is clearly deter¬ 
mined, and the collapse process is straightforward. However, the standard relativistic 
temporal ordering does not provide a way to sequence interactions that make up 
spacelike-separated measurements. As stated in Section 3, at the observable level one 
can regard either of the two measurements as occurring Erst. The issue of sequencing 
is addressed in the next section. 

9 This assumes that the relevant system has both interacting and noninteracting components. In 
entanglement-generating interactions such as parametric down conversion, there is no noninteracting 
component to be involved in any amplitude transfer. 
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5 The Sequencing of Nonlocal Effects and the 
Evolution of Projection 

To have a well-defined projection process and insure definite measurement outcomes, 
it is essential that there exists some sort of (unobservable) sequence of spacelike- 
separated interactions involving the same entangled system. This is particularly true 
because the individual steps are nondeterministic, and this implies that the changes 
induced in the system are not reversible. [2T1 113] 145, IS] 

To illustrate the issue, let us first consider a simple situation in which there is no 
problem with sequencing. Suppose that 0 and 0 represent elementary systems, and 
that 0 consists of two spatially separated branches, 01 , and 02 , with amplitudes a and 
0. The subscripts, 1 and 2, correspond to interacting and noninteracting components, 
respectively. The state of 0 prior to any interaction can be labeled 0 O , so the state of 
the combined system prior to interaction is (ct0i + 00 2 ) ® 0o- Given an appropriate, 
short duration interaction between 0 i and 0 o, the initial product state will evolve to 
the entangled state: (cc0i ® 0i) + (00 2 G> 0o), according to the Schrodinger equation. 
As described above, the proposed projection hypothesis is that, in parallel with the 
ordinary Schrodinger evolution, there is also a change in a and 0 to a' and 0' with 
a'a'* = aa* ± <5, and 0 , 0 / * = 00* =F <5. 

Problems with sequencing can occur if we introduce a third elementary system x 
which could interact with 0 2 . The Schrodinger evolution, would then take the system 
from (a0i + 00 2 )<g)0 o <g)Xo to (c*0i <g) 0i <g) xo) + ( 002 G> 0 oG>x 2 ). Since both branches 
of the wave function undergo interactions (presumably at spacelike separation), with¬ 
out some supplementary sequencing there is no noninteracting branch of the wave 
function to allow for amplitude shifts. If these interactions occur in isolation, one 
can simply assume that there is no amplitude shift, and that the system continues to 
evolve strictly according to the Schrodinger equation. However, if the interactions are 
parts of spacclikc-separated measurements of the position of 0 (or some correlated 
property), then we expect that one measurement will have a positive outcome, and 
the other will have a negative outcome. 

What is required is some additional ordering parameter that can supplement the 
standard partial ordering implied by the timelike relations of relativistic spacetime. 
It is not necessary to have a total ordering of events in spacetime, or even of all of 
the elementary interactions that a particular entangled system might undergo. The 
additional structure need only insure that, generically, enough of the interactions that 
constitute one of a pair (or set) of measurements are sequenced at a stage different 
from the interactions in the spacelike-separated process. 

The kind of ordering that is required can be provided by defining a global sequenc¬ 
ing parameter, s, that is associated with a randomly evolving spacelikc hypersurface, 
which will be labeled cr(s). By allowing <r(s) to evolve forward in a random fash¬ 
ion one can insure that (for the most part) spacelike-separated interactions involving 
the same entangled system are sequenced at different values of s. It also maintains 
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as much consistency as possible with the spirit of relativity by not assuming any 
preferred reference frame q 

With most spacelike-separated interactions being sequenced at different values 
of s, there is an unambiguous decomposition of the wave function into interacting 
and noninteracting branches at each stage of the collapse process. In those cases in 
which interactions in spacelike-separated regions occur at the same value of s, the 
decomposition is trivial, and there is no change in the amplitudes, a and /3. Since 
real measurements consist of an enormous number of interactions, this possibility 
does not preclude a definite outcome]^! 

Under this hypothesis, the state vector evolves randomly with respect to s. At 
any given stage, the division of the wave function into interacting and noninteracting 
branches defines a binary decomposition of the Hilbert space of the system into two 
orthogonal subspaces@ When the state vector reaches one of the two subspaces, 
the distinction between interacting and noninteracting components collapses, and the 
decomposition becomes trivial. The supplementary evolution ceases until some new 
binary decomposition is defined by subsequent entangling interactions. 

Since this approach assumes that there is an evolving spacelike hypersurface, cr(s), 
that determines the actual sequencing of the nonlocal effects, the description of the 
evolution at this level is not Lorentz covariant. The sequencing remains unobservable, 
in principle, because the amplitude shifts are nondeterministic. The observed out¬ 
come of the projection process is consistent with any sequence of spacelike-separated 
interactions. Any attempt to ’’watch” the collapse process necessarily involves ad¬ 
ditional interactions on an entangled system that are subject to the same lack of 
determinism and unobservable sequencing. 

The fundamentally probabilistic nature of the amplitude transfers precludes both 
a stable physical representation of information and the definition of reference frames 
at the most elementary level. The application of these concepts requires a well-defined 
network of physical relations, and such a network can only exist at a scale at which 
probabilistic fluctuations are small compared to relevant parameters. The prohibition 
of superluminal information transmission and the relativistic description of spacetime 
emerge together at the level at which reproducible, transmittable information can be 

10 Tlie sequencing parameter, s, is similar in many respects to a preferred time coordinate such as 
occurs in de Broglie-Bohm theory although it does not coincide with the time in any single inertial 
reference frame. At each point, x, on cr(s) one can define a proper time derivative, dr(x)/ds , but, 
in general, dr(x)/ds ^ dr(x')/ds for x ^ x'. If dr(x)/ds > 0 at every point, x, then the succession 
of hypersurfaces will constitute a foliation of spacetime. Somewhat similar constructions have been 
developed for pilot wave theories in order to bring them more in line with the spirit of relativity. 
See [35] . 

11 Situations in which several sets of interacting fields are superposed in the same spacetime region 
(somewhat like Hardy’s paradox) can be handled in a similar fashion. 

12 In simple, idealized cases this decomposition remains the same throughout the measurement, 
but, in general, it can change due to changes in the interactions that occur or due to the random 
evolution of <r(s). 
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defined @ 

To fully develop this approach from a theoretical standpoint one would start by 
viewing projection as a continuous process in Hilbert space (with respect to the se¬ 
quencing parameter, s). The goal would be to recover a Lorentz invariant formulation 
by developing a suitable method of averaging over the possible families of evolving 
spacclikc hypersurfaces and over the possible sequences that are consistent with vari¬ 
ous outcomes. However, the goal here is not to develop a full Lorentz invariant theory. 
It is, rather to derive enough properties that such a theory must possess in order to 
assess the possibility of experimental tests of wave function collapse. For this purpose, 
let us assume that some effective averaging procedure can be found that would allow 
us to view elementary interactions as distinct individual events, possibly accompanied 
by small, discrete increments, ±5, in the squared amplitudes, aa* and /3/3*. Based 
on this assumption, the next section will outline an experimental strategy. 

6 An Experimental Approach 

The hypothesis that there is some amplitude shift associated with every nonlocal, 
entangling interaction suggests the possibility that some (small) deviations from per¬ 
fectly linear evolution might be observable in entangled systems consisting of just a 
few elementary particles. Although the hypothesis is strictly phenomenological, it is 
derived from very general considerations based on the no-signaling principle. This 
principle can be interpreted in purely physical terms as the prohibition of superluminal 
information transmission, if it assumed that projection is a real, and, hence, nonde- 
ter mini stic effect arising from elementary processes. The possibility that this simple 
chain of inferences from fundamental principles might provide a coherent account of 
the macro-micro connection makes its experimental consequences worth exploring. 

One might be skeptical about the feasibility of testing for deviations from strictly 
linear evolution since some of the demonstrations of the persistence of superposition 
have dealt with entangled systems that approach macroscopic, or at least, mesoscopic 
scale |52If55, 15(3], as measured by the number of elementary particles involved. But the 
hypothesis presented here suggests that a more relevant measure of macroscopicity 
is the number of entangling interactions experienced by any elementary particles in 
generating the entangled state. Experiments have demonstrated superposition in a 
wide variety of contexts [22j |23j |2U [25j |26j [52j [55] 156] [57J [58] , but, in every case 
the chains of interactions that generate the entanglement relations are fairly short. 
Even when large numbers of particles are involved, none of them experience more 

13 Because the definition of reference frames depends on the same nondeterministic processes that 
generate the nonlocal quantum effects, no finite speed can be attributed to the nonlocal effects in 
any reference frame. This is how the hypothesis of an incremental collapse process can be reconciled 
with the recent demonstration by Bancal, et ah, [531154] that no influences propagating at any finite 
speed (even a superluminal speed) can explain nonlocal quantum correlations. 
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than a few interactions F*1 If this were not the case the decoherence induced by the 
interactions would make it unfeasible to observe these entangled states. 

To devise an experimental strategy, let us recall that the proposed hypothesis 
suggests that the projection process has the character of a random walk with end 
points. If the average shift in squared amplitude is 5 ave , then, in a situation with 
two approximately equal branches (era* ~ (3/3*), it would require roughly 1/(4 6% ve ) 
elementary interactions to bring about complete collapse, and the possible deviation 
from linearity in a single interaction would be of the order, 5% ve . So, for example, if 
Save — 0.01, after 40 interactions the average deviation from linearity would only be 
about \/40/(0.01 2 ) ~ 0.0064. Clearly, such small effects would be very hard to seeP^l 
The most obvious way to get around this problem is to start the random walk close to 
one of the end points. If era* ~ 8 ave then the size of the possible deviations increases 
from 8 2 ave to about the order of S ave . 

The strategy must also balance two competing considerations. On the one hand, 
given the presumed smallness of the effect, one would like to use elementary systems 
that can be very precisely controlled. On the other hand, since projection is assumed 
to arise from entangling interactions, it is desirable to use particles such as electrons 
that interact very readily, and survive the interaction. The recent progress in design¬ 
ing experiments that involve the use of an electronic Mach-Zehnder interferometer 
(EMZIjpSO, EDI, SB E2i E31 IM3 provides a reason to believe that it will eventually 
be feasible to use electrons, and still maintain sufficient coherence of the states to 
make the necessary measurements. So the approach outlined here will be based on a 
variation of the coupled EMZI version of a quantum eraser. 

In order to have a reasonable chance of observing any deviations from linearity, it 
is important to develop a scheme to enhance the very small signal. For this purpose, 
consider a completely idealized coupled double-slit quantum eraser. Suppose that 
an electron wave function is split into two branches of equal magnitude, and that 
one of the branches interacts with a second electron wave function. Assume that the 
experimental apparatus is designed so that the second, ’’detector” electron is split 
into two well-defined, orthogonal branches by the interaction with one branch of the 
Erst electron. This can be represented as follows. 

(l/v'2)(|/,) + |JV 1 ))®M , 

=> (1/V2)(|/ 1 )|^ + m\N$) = (1/V2)(|S,)|S 2 > + MM). 1 ' j 

In this expression, 1 and 2 refer to the first and second electron, |i) and | N) refer to 
interacting and noninteracting components of the wave function, and | S) and | A) refer 

14 Even the exotic states of matter that are studied in solid state physics[55; that consist of 10 6 
to 10 12 particles are built up in a pairwise fashion with the components doubling in size at each 
stage. Since 10 12 « 2 40 , no portion of the final entangled system undergoes more than a few dozen 
interactions. 

ls This also explains why the experiments done to date, which are looking for the persistence of 
superposition, have not seen any evidence of deviations from linearity. 
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to symmetric and antisymmetric superpositions of the interacting and noninteracting 
components: |S) = (l/\/2)(| T) + | N) ) and |A) = (l/\/2)(| i) — | N) ). Subsequent 
to the interaction that creates the entangled state, the branches of each electron 
wave function are steered into double-slit arrangements in a synchronized manner. 
The position of the electrons at each receptor screen is recorded and time-stamped 
as they are detected. After a sufficient sample of correlated pairs is registered, the 
statistics can be analyzed. The overall distributions can be represented as the sum 
of probabilities associated with either the j/ffi/o) and |Af])|Af 2 ) states or the sum 
associated with the |S'i)| 5' 2 ) and |Ai)|A 2 ) states] 16 ! 

Since the ’’measurement” interaction was made in the | T) |iV) basis, one expects 
that a decomposition of the total distributions into | T) and | N) subsets would demon¬ 
strate the correlations between the electrons that were established by the interaction. 
In other words, the electrons in the first apparatus that are consistent with the prob¬ 
ability distribution associated with the |i) branch of the wave function would be 
correlated with electrons in the second apparatus that are also consistent with the 
1 1) branch distribution, and the same would hold for the | N) branches. This would 
be true whether or not the interaction had brought about a projection to one of the 
branches. If there were an actual projection to one of the branches, then the entan¬ 
glement between the electrons would be broken, and correlations would not be visible 
in a decomposition corresponding to the complementary basis. 

Since we do not expect that a single elementary interaction is capable of completely 
collapsing the wave function in this situation, we should also be able to observe the 
correlations between the electrons on the two receptor screens if we decompose the 
the data sets into | S) and |A) distributions. The EMZI experiment mentioned above 
has confirmed this expectation[M]. 

The situation just described assumes that the two branches of the wave function 
are equal in magnitude. One could now alter the experimental design so that the 
squared amplitude of the interacting branch was approximately equal to one’s best 
estimate of 5 aV e■ The interaction changes the state in the following manner: 

(a\I^+l3\N^)®\Xj/^ a'|/ ] )|/^+/3 / |iV ] )|iV^. (6.2) 

The change in amplitudes from a and /3 to a! and /?' reflects the possible shift in 
amplitudes associated with the interaction. 

If the incremental collapse hypothesis is correct, one would expect that there would 
be a projection to the larger branch for roughly half of the individual measurements. 
This would imply a change in some of the correlation statistics, but this change 
would be extremely difficult to see. Given the assumed small values of S ave , the 
overall pattern would be dominated by the large branch, and would look very much 
like a single-slit probability distribution. The very small signal would be buried in 
experimental noise. 

16 The probability distributions corresponding to the |S) and |d) states are double-slit interference 
patterns that are completely out of phase. 
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To get around this problem, after the initial interaction one could split off a 
second small interacting branch from the large noninteracting branch of first electron, 
with amplitude, 7 , with a magnitude equal to that of a: 77 * ~ aa* ~ S ave . This 
second small branch would then be induced to interact with the | N) component of 
the ’’measurement” electron. The overall development of the system would look like: 

H4H/3a|Ay at'\h<!}\Ito> + P'alN^lN^ =* 

+ ( 7 1 A?) + ® |-^2o) (6-3) 

aViJlhJ +Y\h b )\hti + P' b \N lb )\N2$- 

Subscripts ’a’ and ’b’ have been attached to distinguish the first interacting branch 
from the second. As before, the primes on the amplitudes, a, /3, and 7 indicate 
possible shifts brought about by the interactions; the change in subscripts from f5 a to 
/ 3b represents the splitting of the noninteracting branch into a small ( 7 ) component 
and a large (/%) component 0 

The strategy would now be to steer the two different interacting branches, ’a’ and 
’b’, of the first electron into a double slit arrangement, and the interacting branches 
of the second (’’measurement”) electron into a similar apparatus. One would then 
examine the correlations in the resulting distributions. The | N\f) | Wf) branches (which 
should be perfectly correlated) could be steered away from the double slit screens and 
measured separately. Since, by design, the magnitude of the noninteracting branches 
is much greater than that of the interacting branches, this would mean that one is 
filtering out the large majority of the experimental data so that it does not cloud 
the essential signal. Clearly the most challenging aspects of the experiment would be 
the design, construction, and calibration of the circuits and measurement system; the 
additional burden resulting from the need for a very large number of experimental 
runs would probably not greatly increase the overall difficulty of carrying out this 
sort of test. 

The process outlined in 16.31 would yield the three-branch entangled state: 
a' |/iq)|/ 2 q) + i\Iu)\ht) + /3(| Affi) | N 2 i) , but we are interested only in the first two 
branches: a'\I\ c )\l 2 ( ) + y\hi}\h^- Since our interest is now restricted to these states, 
let us define symmetric and antisymmetric combinations of just those components: 

| S) = (1/V2)(\Q + |if}) and | A) = (l/v / 2)(|/ Q ) — |A)). With these definitions we can 
rewrite the preceding expression as: 

+ = 

(l/2)[o/(|Sj)| + +7TOI -4»0$ - I m = (6.4) 

(i/ 2 )[(a' + y)(\s’m +14>|4)) + K - Y)(I3>I4> + I4>|s$)]. 

To evaluate this expression we can first assume that the relative phase differences 
between a and 7 can be controlled in the experiment, so that only differences in 

1( The second interaction involving would change a', but only by a negligible amount since 

both a'\Iib) and yl-hf) constitute a very small fraction of the total wave function. 
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magnitude matter @ Then if 7 = a and there are no amplitude shifts induced by 
the interactions (i.e., no breakdown of superposition) , the cross terms, and 

| A)) | S!) would be zero. Nonzero cross terms would be the signature of wave function 
collapse (again, assuming that strict equality holds between the initial values of a 
and 7 ). 

To estimate the size of a possible collapse signal, let us begin with the ideal 
situation: 77 * = aa* = 8 ave . Let us also assume that the size of the possible shifts, 
6, remains the same for interactions that are essentially identical. 

Given the incremental collapse hypothesis, in approximately one half of the initial 
interactions the squared amplitude of the |/ia)|/ 2 a) component would be changed to 
zero, and in the other half it would be doubled. The same would be true for the 
Ihb/lhi) component in the second interaction. So, the four possibilities are: (a) the ’a’ 
component would be enhanced and the ’b’ component would be zeroed out; (b) the ’b’ 
component would be enhanced and the ’a’ component would be zeroed out; (c) both 
interacting components would be enhanced; and (d) both interacting components 
would be zeroed out. Each of these cases should occur 1/4 of the time. Since each 
of the two branches initially has a squared amplitude of S, the overall probability of 
the entangled electrons being registered in the coupled double slit detectors should 
be 25. The electrons should be found in the noninteracting branches the rest of the 
time. 

Although cases ’a’, ’b’, and V occur with the same frequency, their probabilities 
of subsequent detection in the coupled double slit apparatus are not the same. Since 
a'a'* = aa* ± 5, 7 V* = 77 * ± 5, and 77 * = aa* = 5 ave , we get a'a'* = 25 or 0 and 
the same holds for Y^'*. Since it is also assumed that the relative phases are properly 
controlled, we can redefine both a' and 7 ' in terms of their magnitudes: a', 7 ' = \[2 5, 
or a', 7 ' = 0. Plugging these values into the expression from 16.41 for the three cases, 
’a’, ’b’, and V yields: 

(a) (1/2)[(V25 + 0)(|S5|S} + 1.451,43) + (V26 - 0)(|SJ|43 + |4J|S})]; 

(b) (i/ 2)[(0 + V 2 i)(|S 5 |S 3 +1431.43) + (o - v^)(|s3|43 + |43|S})] ; 

(c) (1/2)1(72 6 + 7M)(|S3|SJ + |43|43) + (V 2 S - V2S)(|SJ|4'3 + |4J|S})]. 

These simplify to: 

(a) (l/V2)v^[(|S3|S3 + 143143) + (|SJ|43 + I43IS3)]; 

(b) (1/V2)V5[(|SJ|S3 + WI- 4 ' 3 ) - (|sj| 4 j + | 43 |S 3 )] ; 

(c) v/M[(|Sj)|SJ + 143143)]. 

Noting that the four states, |S'0|S'^>, |S'0|A^, are mutually or¬ 

thogonal, the probabilities can be readily calculated. The squared expressions for 
cases ’a’ and ’b’ each give a value of 5/2 for each of the four possible states. Squaring 
the expression for case V yields 25 for each of the two states that are consistent with 
continued superposition: and Since each of these cases occurs 1/4 of 

the time, the total combined probability for |-S'^) | < S'^) and is (3/2)5, and the 

18 The preservation of relative phases in any amplitude shifts from a and 7 to a' and Y follows 
from the need to prevent superluminal signaling. 


20 





probability for the cross terms, and |t4 / 1 )|S'^, is (1/2)5. So, overall, roughly 

one quarter of the electron pairs that are not detected in the noninteracting branches 
should fall in different states with respect to the \S) \A) decomposition. This would 
be the signature of genuine wave function collapse for this arrangement. 

Since, at this point, we can only make very crude guesses about the actual value 
of 5 ave it is important to evaluate the possible signal of wave function collapse for 
situations in which aa* and 77 * differ substantially from 5 ave . Note first, that since 5 
cannot exceed either aa* or 77 *, if aa* and 77 * are less than 5 ave , the analysis would 
proceed exactly as above, and the relative signature of deviations from linearity would 
be the same as described in the previous paragraph. However, more experimental runs 
would be required to accumulate the same amount of data. 

To determine the observability of deviations in situations in which aa* and 77 * 
are greater than 5 ave we need to return to the general expression from 16.41 

(1/2)[(c^ + 7'XI^I^ + 14)1^) + K - 7'XI^I^ + l4>|-$)]. 

Again we assume that the initial values of aa* and 77 * are equal by experimental 
design, and we ignore relative phases. We can define r = aa*/S ave , so that 
a = 7 = V rS ave . Since a' = \Ja ± § ave and 7 ' = V 7 ± 5 ave , substitution into the 
expression above yields the following amplitude: 

( 1 / 2 ) [(V r ^ave ± 5 a ve + V r ^ave ^ave) (| Sty \ S!) + | | ^ 4 ^) + (a 

(Vrd ave ± 6 ave - Vrd ave ±d ave )(\S'^ + |A' ] )|5'0)]. ^ 

As before there are four possible cases since a' and 7 ' can either increase or de¬ 
crease, independently, from their initial values. The total probability of the four cases 
is: aa* + 77 * = 2 rS ave . Cases V and ’d’, in which both branches are either enhanced 
or decreased in amplitude, give a zero probability for the cross terms, | 'S'i) I ^- 2 ) an d 
|A' ] )|S'^>. Cases ’a’ and ’b’ each contribute a probability of 

(l/4)(5 a „ e /4)(vV + 1 — \jr — l ) 2 = (1/8 )S ave (r — \/r 2 — 1 ) for each of the cross terms, 
giving a combined probability of ( 1 / 2 )5 ave (r — \/r 2 — 1 ) for the occurrence of the cross 
terms. (The leading factor of 1/4 comes from the frequency of each case.) The ratio of 
the cross term probability to the total probability provides the measure of deviations 
from perfect linearity. Its value is (r — \/r 2 — l)/4r. 

One can readily verify that for r = 1 , the expression reproduces the value for the 
relative signal of 1/4 that was derived above, but for values of r greater than 1 the 
signal decreases rapidly. For r — 2, it drops below 0.07, and with r = 10, it is just 
slightly greater than 0.01. So the possible deviations from linearity could be difficult 
to see, and, even with precisely controlled experiments, they will not become visible 
unless the squared amplitudes of the interacting branches are close to the average 
shift value, S ave ■ This point highlights some of the challenges involved in carrying 
out an experiment of this kind; but the sharp increases in the observability of wave 
function collapse as one approaches 5 ave might also provide an additional signature of 
deviations from linear evolution. In fact, this sharp increase in violations of quantum 
coherence near 5 ave could provide evidence of wave function collapse, even if the 
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primary signature is reduced by experimental noise. 

The discussion up to this point has involved a completely idealized arrangement. 
A possible implementation could be a variation of the coupled EMZI experiment 
carried out by Weisz, et al. [M], They describe the the standard EMZI set-up as 
follows: 

”An electronic MZI is formed by manipulating quasi one dimensional, 
chiral edge channels, which are formed in the integer quantum Hall effect 
regime. Such a realization allows directing the path of electrons at will - 
leading to high visibility interference pattern. Potential barriers, formed 
by quantum point contacts (QPCs), take the role of optical beam splitters, 
transmitting and reflecting impinging electrons with amplitudes ti and 
respectively, with |fj| 2 + |rj| 2 = 1 .” 

The wave functions of the electrons are split into two branches which traverse alternate 
paths around a loop enclosing a strong magnetic field. The relative phases of the 
branches are controlled through the Aharonov-Bohm effect. For more details see the 
previously cited sources[59], 60] [6TJ 62 [63j [6l j. 

The experiment employed a symmetric arrangement of coupled EMZI’s, each with 
one interacting and one noninteracting branch. All of the branches were of equal mag¬ 
nitude. Because of the complete symmetry, the distinction between EMZI’s labeled 
as the ’’system interferometer” and ’’path detector” is completely arbitrary. 

To more closely match this configuration, let us modify the arrangement described 
in the idealized description to drop the distinction between the ’’measured” electron 
(1), and the ’’measurement” electron (2). Rather than splitting off two small branches 
from the same electron, one could split off a small branch from each electron, and 
induce it to interact with the large branch of the other electron. The process described 
by expression 16.31 which resulted in the state: 
a '\ha}\ha) + y\hi)\l 2 b/ + f3' b \Nn)\N2i), would be replaced by 

( ot a \Ji^/ + f3b\M\b) ) <g> ( otb\J2i) + Pa\M-2 i) ) 

{otaPa)’\Jlp |A.2o) + (3' b \Mit) (g) ( Cc]| J 2 () + Pa\^2p ) => (6.6) 

{p^aPa)'\ Jla) | A 2a) + {.OibPb)'\ Au) | J 21 ) + (PbPa)'\^lb) | + (^a^bl'l Jlo) | J 2 t) 

The numerical subscripts, 1 and 2 label the two electrons (as before); the lower case 
subscripts, ’a’ and ’b’, label the different interactions (as before). The labeling of the 
branches has changed from |i) and \N) to | J), | M), and | K) to facilitate the discussion 
of some issues raised by the new arrangement. ’J’ labels the smaller branches from 
the initial splitting of the wave function, and ’M’ labels the larger ones. ’K’ labels 
the (small) branches that are separated from the large ones by the interaction. The 
first three terms in the new expression correspond to the three terms in 16.31 Since \P\ 
is very close to 1, one can see that the magnitudes do not differ by very much. The 
last term, (a a a fe )'| J la )| J 2 b/ is new. It is very small since the coefficient is the product 
of two small terms, and so it will not significantly affect the statistics. 
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The interactions are shown in two stages because it is desirable for them to be 
timelike separated. The reason for this is that the derivation of the collapse signature 
above assumed that the possible changes in the amplitudes associated with the in¬ 
teractions were independent. This requires that they occur at different values of the 
sequencing parameter, s, described in section 5. If the interactions are simultaneous 
(in some reference frame) and in close proximity, there is an increased probability 
that this assumption will be violated. 

Although this more symmetric form corresponds more closely to the actual coupled 
EMZI experiment, there are important differences. The actual experiment involved 
branches that were equal in magnitude, with a single interaction. The most important 
difference is, probably, that the large ’M’ branch and the smaller ’K’ branch (separated 
from ’M’ by the interaction) must be steered to different detectors. 

Of these three differences the simplest to address is the relative size of the co¬ 
efficients. The QPC’s, which function as beam splitters, can be readily adjusted to 
vary the reflection and transmission coefficients. This has already been done. Some 
complications might arise if S ave is extremely small, but this can only be determined 
by experiment. 

The need for a second, timclike-separated, interaction poses a more serious chal¬ 
lenge. This would involve a somewhat longer and more complicated circuit. This 
might pose substantial technical challenges. 

The biggest obstacle is the need to steer the ’M’ and ’K’ branches along diverging 
paths. In the present EMZI design, there is a displacement due to the interaction, 
and a resulting separation in phase from the Aharonov-Bohm effect. But there is 
not a clean spatial separation that allows the two different branches to be guided to 
different detectors. To have a reasonable chance of observing the possible collapse 
signature described above, some means of clearly distinguishing ’M’ and ’K’ branches 
must be developed. 

Clearly, the tests proposed here would be challenging for a number of reasons. The 
design and building of the apparatus, and the execution of the experiment would re¬ 
quire extraordinary skill and effort. But the success of Weisz, et al. |64j in implement¬ 
ing an electronic quantum eraser provides reasonable hope that such an experiment 
is feasible. 


7 Discussion 

Bell showed that some experimental predictions of quantum theory are dependent 
on where one places the boundary between the measured system and the measuring 
apparatus. This ambiguity is the central problem in understanding quantum theory. 
One can ’’shut up and calculate” [65] only as long as the results of those calculations 
do not contradict one another. 

To resolve the inconsistency pointed out by Bell, we must, at some point, de- 


23 


termine whether projection is a real physical phenomenon. The demonstrations of 
superposition in systems that have become entangled by interactions span an im¬ 
pressive range of physical situations [22j |23j [2U |25l [26j [52j [55j [56j E7J 158] . and they 
are important first steps in determining the extent of linear evolution. However, to 
establish the complete absence of any real projection effects would require something 
like the building of a perfectly functioning quantum computer of arbitrarily large 
complexity, or the teleportation of extremely complicated quantum states. Clearly, 
these tasks are far beyond any foreseeable technology. 

To complement the efforts to exhibit superposition in ever more complex circum¬ 
stances, one can approach this issue by taking seriously the possibility that the wave 
function (understood as a genuine physical entity) really does collapse, try to discern 
how this could be connected to fundamental processes, and determine what exper¬ 
imental predictions follow from the hypothesized connection. That is the approach 
that has been advocated here. 

To pursue this approach, what is needed is a change in our view about the relation¬ 
ship of nonlocal effects to relativity. Ultimately, quantum mechanics and relativity 
face the test of experiment as a single body of principles. So the challenge is not to 
embed a description of projection into a Lorentz invariant spacetime. It is, rather, to 
incorporate nonlocality into a Lorentz invariant theory. 

The crucial feature of contemporary theory that allows us to describe quantum 
systems in a relativistic framework is local commutativity, the formal expression of 
the no-super luminal-signaling principle. This is the logical starting point for analy¬ 
ses that aim to explain nonlocal phenomena like projection in terms of fundamen¬ 
tal processes. No-signaling implies that any deterministic description of quantum 
evolution must be linear, and that any fundamental account of projection must be 
stochastic [in]. This essential nondeterministic aspect of elementary processes implies 
that there is some lower limit on the size and complexity of systems that can in¬ 
stantiate reproducible, transmittable information. The lack of complete determinism 
can thus explain both the no-signaling principle and how the additional spacetime 
structure needed to accommodate the nonlocal, nondeterministic effects can remain, 
in principle, unobservable. 

With the limits on physical instantiations of information, it is sensible to define 
the no-signaling principle as the prohibition of superluminal information transmission. 
This definition uses only basic physical terms, and avoids any essential reference to 
intelligent observers. Although the concepts of information and signaling cannot 
be applied directly to elementary particles, various aspects of the behavior of those 
particles can be captured as information by more complex physical systems. These 
aspects include the nonlocal, probabilistic changes of state that occur in measurement¬ 
like interactions. This is why the no-signaling principle can impose specific constraints 
on how those changes can occur. Among the most notable of those constraints is the 
implication that projection must originate in the nonlocally entangling interactions 
that constitute the problematic measurement processes. 
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The most straightforward application of this constraint suggests that the ele¬ 
mentary interactions that generate nonlocal entanglement relations include a small 
nondeterministic transfer of amplitude between the interacting and noninteracting 
components of the wave function. Although these small deviations from perfectly lin¬ 
ear evolution usually tend to be hidden by decoherence effects, there are experimental 
arrangements that might reveal them. One such arrangement has been outlined here. 
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